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Flexible lead-free BFO-based dielectric capacitor with large energy density,
superior thermal stability, and reliable bending endurance
Abstract
As an essential energy-stored device, the inorganic dielectric film capacitor plays an irreplaceable role in
high-energy pulse power technology area. In this work, propelled by the challenge of overcoming the
bottlenecks of inflexibility and inferior energy storage density of the pure BiFeO3 films, the mica with high
bendability and thermal stability is adopted as substrate, and the relaxor ferroelectric (Sr0.7Bi0.2)TiO3 is
introduced to form solid solution to introduce relaxor behavior. The subsequently fabricated
0.3Bi(Fe0.95Mn0.05)O3-0.7(Sr0.7Bi0.2)TiO3 (BFMO-SBT) thin film capacitor exhibits a high recoverable
energy storage density (Wrec = 61 J cm−3) and a high efficiency (η = 75%) combined with a fast
discharging rate (23.5 μs) due to the large polarization difference (ΔP = 59.4 μC cm−2), high breakdown
strength (Eb = 3000 kV cm−1), and the strong relaxor dispersion (γ = 1.78). Of particular importance is the
capacitor presents excellent stability of energy storage performance, including a wide working
temperature window of -50-200 °C, fatigue endurance of 108 cycles, and frequency range of 500 Hz-20
kHz. Furthermore, there are no obviously deteriorations on energy storage capability under various
bending states and after 104 times of mechanical bending cycles. All these results indicate that BFMOSBT on mica film capacitor has potential application in the future flexible electronics.
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As an essential energy-stored device, the inorganic dielectric ﬁlm capacitor plays an irreplaceable role in
high-energy pulse power technology area. In this work, propelled by the challenge of overcoming the
bottlenecks of inﬂexibility and inferior energy storage density of the pure BiFeO3 ﬁlms, the mica with
high bendability and thermal stability is adopted as substrate, and the relaxor ferroelectric (Sr0.7Bi0.2)TiO3
is introduced to form solid solution to introduce relaxor behavior. The subsequently fabricated
0.3Bi(Fe0.95Mn0.05)O3-0.7(Sr0.7Bi0.2)TiO3 (BFMO-SBT) thin ﬁlm capacitor exhibits a high recoverable energy storage density (Wrec ¼ 61 J cm3) and a high efﬁciency (h ¼ 75%) combined with a fast discharging
rate (23.5 ms) due to the large polarization difference (DP ¼ 59.4 mC cm2), high breakdown strength
(Eb ¼ 3000 kV cm1), and the strong relaxor dispersion (g ¼ 1.78). Of particular importance is the
capacitor presents excellent stability of energy storage performance, including a wide working temperature window of -50-200  C, fatigue endurance of 108 cycles, and frequency range of 500 Hz-20 kHz.
Furthermore, there are no obviously deteriorations on energy storage capability under various bending
states and after 104 times of mechanical bending cycles. All these results indicate that BFMO-SBT on mica
ﬁlm capacitor has potential application in the future ﬂexible electronics.
© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Energy consumption is ever-increasing in the world due to the
fast growth of the population and the economy, which will inevitably lead to the running out of fossil fuel resources and accompanied air pollution and global warming. In order to solve the
problem, great efforts have been put worldwide into the exploitation and utilization of renewable and clean energy resources, e.g.
solar and wind. In the view of the intermittency of these energies, it
is of utmost indispensability to develop energy storage systems,
which can store energy temporarily or for a long time. Compared
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with the long-term energy storage device (such as batteries) [1e3],
the electrostatic capacitors possess the advantages of fast energy
uptake and delivery and long cycling life, and thus hold a great
potential to be used in high power-energy-storage applications
[4,5], such as hybrid electrical vehicles, electrical weapon systems,
and microwave communications [6].
In the current era of “Internet-of-Things”, ﬂexible electronics
have sparked active research efforts due to the potential application
in the next-generation smart electronic devices [7,8]. Compared
with the traditional rigid-based electronics, ﬂexible counterparts
are portable, light-weight, foldable, stretchable and even wearable
[9]. Among the current commercial dielectric materials, ceramics
have some typical common features of high stiffness and excellent
thermal stability, in contrast to extraordinary ﬂexibility and limited
working temperature of the polymers [4,10,11]. Therefore, there is
an increasingly urgent demand for the high-performance energy
storage capacitor with superior thermal stability and reliable
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bending endurance.
Recently, the appearance of MICAtronics, revealing that the
transparent Mica can be a promising universal ﬂexible supporter
for deposition of oxide functional ﬁlms, breaks a new path to
develop ﬂexible electronics. Inorganic Mica is referred to as one of
well-known stacked-layered silicate compounds, in which there
exists strong intralayer interaction but weak interlayer van der
Waals force. It can be easily to prepare a thin sheet of mica with
good ﬂexibility, cyclability and transparency via mechanical exfoliation using tweezers or sticky tape like the separation of graphite
[12,13]. Artiﬁcial ﬂuorophlogopite mica (FMica) possesses substantial unique features like atomically ﬂat surface, elasticity, lightweight, and chemical inertness such as antioxidant ability and acid/
alkali-resistance, and so on [9]. Specially, the desired thermal stability (>950  C) makes it compatible with the crystallization temperature for inorganic dielectric ﬁlm [14,15]. Researches about allinorganic ﬂexible energy-storage capacitors are carried out successively recently. Shen et al. reported that the PLZT thick ﬁlm
fabricated on LaNiO3/F-Mica substrate, which has a high recoverable energy-storage density (Wrec) of 40.2 J cm3 and the energy
efﬁciency (h) of 61%, together with excellent stability of energystorage performance under mechanical bending cycles of 2000
times [16]. Liang et al. found that ﬂexible Ba(Zr0.35Ti0.65)O3 ferroelectric ﬁlm capacitors exhibit ultrahigh energy storage performances (Wrec~65.1 J cm3 and h~72.9%) as well as excellent
mechanical ﬂexibility (104 times of mechanical bending cycles) and
ferroelectric fatigue endurance (106 charging-discharging cycles)
[17]. Recently we have designed ﬂexible Na0.5Bi0.5TiO3-based ﬁlm
capacitors with giant and stable energy storage performances
[18,19]. For example, the ﬂexible 0.55(0.94Na0.5Bi0.5TiO30.06BaTiO3)-0.45SrTiO3 ﬁlm capacitor shows a desirable Wrec of
76.1 J cm3 and a high h of 80.0% due to the predominant relaxor
feature and weak antiferroelectric-like behavior [19].
Noticeably, perovskite BiFeO3 (BFO) has been demonstrated as a
promising non-lead ferroelectric candidate. Pure BFO has ultrahigh
Curie temperature (TC~830  C) [20], indicating the possibility to
work in harsh operating temperature. However, the strong ferroelectric performance with a robust theoretical remanent polarization (Pr~100 mC cm2) made it unsuitable as energy storage material
[21]. Very recently, Nan and Lin group has successfully achieved
BFO-based solid-solution ﬁlms with ultrahigh-energy density via
polymorphic nanodomain design (e.g. Wrec ¼ 112 J cm-3 and
h ¼ 80% for BFO-BT-ST; Wrec ¼ 70 J cm-3 and h ¼ 70% for BFO-ST)
[22,23]. Nevertheless, these reports on BFO-based ﬁlms are all
synthesized on rigid substrates such as single-crystalline Nb:STO.
Despite excellent performance obtained in BFO-based dielectric
capacitors without mechanical bending capability, the ﬂexible alternatives are highly desirable in consideration of the advent of
ﬂexible electronics technology.
In this work, we propose to utilize the relaxor feature of another
dielectric composition to form solid solution with BFO to reduce
remnant polarization while maintain large saturation polarization.
5 mol.% Mn2þ substituted BFO with low leakage current is selected
as the base system. (Sr1-1.5xBix)TiO3 with high Bi concentration of
x ¼ 0.2, which provides ferroelectric-relaxor behavior with diffused
dielectric maxima in the temperature range of 10e200 K, is used as
a second component to form a solid solution with composition of
0.3Bi(Fe0.95Mn0.05)O3-0.7(Sr0.7Bi0.2)TiO3 (BFMO-SBT). The BFMOSBT thin ﬁlm was directly deposited on mica substrate via simple
one-step fabrication process. A high Wrec of 61 J cm3, together
with a big h of 75% are concurrently achieved in BFMO-SBT ﬁlm
capacitor. Besides, the excellent energy storage capability remains
stable within a wide working temperature window of -50-200  C,
even after experiencing fatigue endurance of 108 cycles and in a
frequency range of 500 Hz-20 kHz. Notably, the ﬂexible BFMO-SBT
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ﬁlm capacitor exhibits prominent mechanical-bending resistance
without obvious deterioration in energy storage performance.
2. Material and methods
2.1. Film fabrication
A mica substrate with smooth, clean mica surface was obtained
from a ﬂuorophlogopite mica [KMg3(AlSi3O10)F2] (Changchun
Taiyuan Fluoranthene Co., Ltd., Changchun) via a simple mechanical exfoliation process. A bottom electrode with a 30 nm-thick Pt
layer was sputtered onto the mica surface. BFMO-SBT thin ﬁlm was
deposited on mica substrates via a chemical solution coating processing. For the preparation of the BFMO-SBT precursor sol gel,
designed stoichiometric ratios of manganese acetate tetrahydrate,
bismuth acetate, pentahydrate, iron nitrate nonahydrate, strontium
acetate, and tetrabutyl titanate were used as raw materials, in
which 5 mol% excess Bi was added to compensate for the Bi volatilization during annealing treatment at high temperature. In
addition, acetylacetone was added to the mixed solution as a stabilizing agent, and 2-methoxyethanol and acetic acid were used as
the solvents. The ﬁnal concentration of the precursor solution was
0.3 M. After aging for 24 h, the solution was spin-coated on the Pt/
mica substrate in an ambient atmosphere with a rotation speed of
3000 rpm for 30 s and then the wet thin ﬁlm was baked at 250  C
on a hot plate for 2 min. Each wet ﬁlm was subsequently pyrolyzed
at 350  C for 5 min and then annealed at 580  C for 10 min in a rapid
thermal processor. The processes of spin coating and heat treatment were repeated until a desired thickness was achieved. In order to construct a capacitor structure for electrical measurements,
Pt point electrodes with a radius of 100 mm were sputtered on the
ﬁlm using a custom-designed shadow mask. To realize the ﬂexibility, the obtained ﬁlm capacitor was peeled off with very thin
mica layer from the thick mica using tweezers and scotch tapes.
2.2. Characterization
An X-ray diffractometer (XRD) with Cu Ka radiation (XRD,
Bruker D8) was used to identify the phase structure of the sample.
The surface morphology of the ﬁlm was detected by atomic force
microscope (AFM, Bruker dimension icon). The cross-sectional
microstructure was characterized by a ﬁeld-emission scanning
electron microscope (FESEM, Hitachi S-4200). The polarizationelectric ﬁeld (P-E) loops, and insulating characteristic were
measured using a standard ferroelectric tester (Precision Pro.
Radiant Technologies). An impedance analyzer (HP4294A) was
used to measure the dielectric properties. The temperature related
electrical tests were carried out with the aid of a temperaturecontrolled probe station (Linkam-HFS600E-PB2). The local
domain pattern was carried out on the ﬁlm with driving voltage
applied at the tip using piezoresponse force microscope (PFM). The
fast discharge test was performed by a homemade resistancecapacitance (RC) circuit with a load resistance of 100 kU.
3. Results and discussion
A number of BFMO-SBT thin ﬁlms were fabricated on Pt/mica
substrates under the same experimental conditions. After peeling
off the bottom mica layer by layer, the mica can be thinned down to
several micrometers to realize high ﬂexibility, as shown in Fig. 1a.
After being bended, the ﬁlm surface has no obviously mechanical
damages of cracks, shrinkages, and exfoliation, which is the basic
premise for preparing ﬂexible energy storage capacitor. The ﬂexible
BFMO-SBT/Pt/mica heterostructure under ﬂat and bending states
are illustrated in Fig. 1b and c.
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Fig. 1. (a) Photograph of the BFMO-SBT/Pt/mica under bending state. (b,c) Schematic of the ﬂexible BFMO-SBT/Pt/mica heterostructure under ﬂat and bending states. (d) XRD
pattern of BFMO-SBT/Pt/mica. (e) AFM image of the surface morphology of BFMO-SBT. (f) Cross-sectional FESEM image of BFMO-SBT/Pt/mica.

The x-ray diffraction pattern of BFMO-SBT grown on Pt/mica
substrate were scanned with a speed of 2 min1 from 20 to 60 .
As shown in Fig. 1d, after subtracting the Pt and mica diffraction
peaks, the rest of detectable diffraction peaks conﬁrm the ﬁlm are
fully crystalized as a pure polycrystalline perovskite structure
without detectable secondary phases. The surface AFM image of
BFMO-SBT ﬁlm was scanned over an area of 2  2 mm2, as shown in
Fig. 1e. A relatively dense microstructure can be obtained without
cracks. And the average surface roughness (Ra) is only 2.05 nm,
suggesting that the surface is ﬂat. Distinct interface at the interfaces
of BFMO-SBT/Pt and Pt/mica can be observed in Fig. 1f. The thickness of BFMO-SBT thin ﬁlm is measured as 300 nm. Also, there are
no obvious large voids found in the fracture surface, which will
reduce leakage to some extent.
Fig. 2a shows the dielectric behaviors containing εr and tand as
functions of temperature ranging from 50 to 300  C. Typical
dielectric relaxation signatures, represented by the frequency
dispersion of εr and a broad peak of maximum εr, are observed in
the temperature range of 150e280  C. The relaxor dispersion degree around the dielectric peak can be analyzed using the modiﬁed
Curie-Weiss equation of 1/εr-1/εm¼(T-Tm)g/C, where Tm and εm are
the temperature of the dielectric peak and the maximum εr at T ¼
Tm, respectively, C is a Curie constant and g represents the
diffuseness degree. The relationship of ln(1/εr-1/εm) and ln(T-Tm)
and the ﬁtting is shown in Fig. 2b. The value of g is 1.78, which
further demonstrates the strong relaxor behaviour of BFMO-SBT.
This result is consistent with NBT-SBT multilayer ceramics, where
a certain amount of SBT as a modiﬁer can enhance the dielectric
relaxation behavior [10]. For tand, its values are less than 0.5 for
both the frequency range from 100 Hz to 1 MHz and temperature
range from 50 to 300  C. The low tand loss will inhibit the performance deterioration which could be caused by the thermal
runaway and self-heating. Fig. 2c shows the εr and tand as functions
of frequency for BFMO-SBT. From 100 Hz to 100 kHz, the εr shows a
slightly decrease due to the insufﬁcient dipoles mobility [24], while
the tand shows imperceptible change with the frequency
increasing. At 100 kHz, εr and tand for the BFMO-SBT thin ﬁlm is 377
and 0.05, respectively.
To further verify the relaxor characteristic in BFMO-SBT ﬁlm, the
domain dynamics is investigated by means of piezoresponse force

microscope (PFM). Fig. 2d is the PFM phase images of the BFMOSBT ﬁlm before and after poling treatment with relaxation durations of 0 min, 10 min and 20 min, respectively. For pure BFO ﬁlm,
previous report has demonstrated that its polarization can be
maintained at least 10 h after poling treatment [23]. A striking
contrast is observed in this work, namely, almost imperceptible
signal feedback emerges in the corresponding electrically excited
regions and this phenomenon becomes more and more serious
after long-term relaxation of 30 min. The result proves a highly
dynamic response of the microscopic ferroelectric domain to
external electric ﬁeld in BFMO-SBT ﬁlm. In other word, the
switched domains in the ﬁlm can quickly recover to its original
state when remove the external stimuli due to the presence of
highly-dynamic polar nano-regions. This is in accordance with the
small macroscopic remanent polarization reﬂected in the P-E loop.
It is necessary to conﬁrm the dielectric breakdown electric ﬁeld
strength Eb since a large Eb is highly desirable in order to realize a
high Wrec [25]. The value of Eb can be evaluated by Weibull analysis:

Xi ¼ lnðEi Þ

(1)

Yi ¼ lnð  lnð1  i = ðn þ 1ÞÞÞ

(2)

where Ei is the Eb of the specimen, i (i ¼ 1, 2, 3 …) is the serial
number of the sample, n is the sum of specimens for a sample. Ei is
arranged in a gradual increase tendency as follows.

E1 < E2 $$$ < Ei $$$ < En

(3)

Fig. 2e depicts Weibull distribution of Eb for the BFMO-SBT ﬁlm.
The solid ﬁtting straight line is the result of Weibull analysis for ten
data collected from our ﬁlm sample. The slope parameter b, represented the scattering property of all measured Eb data, is 9.52,
which indicates both the good composition uniformity and high
dielectric reliability for BFMO-SBT ﬁlm. The average Eb extracted by
the horizontal intercept is about 3011 kV cm1, which is much
larger than that of BFMO thin ﬁlm reported in our previous work
[26].
The P-E loops for BFMO-SBT ﬁlm were measured at 10 kHz and
25  C, up to 3000 kV cm1 which is slightly lower than Eb, as shown
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Fig. 2. (a) Temperature dependences of tand and εr at different frequency for BFMO-SBT thin ﬁlm. (b) The diffuseness parameter g for BFMO-SBT using the modiﬁed Curie-Weiss
equation (c) the dielectric constant and dissipation factor as functions of frequency measured from 100 Hz to 1 M kHz. (d) PFM phase images of the ﬁlm before and after poling with
different relaxation duration: 0min, 10min, 20min. (e) The two-parameter Weibull analysis of dielectric breakdown strength for BFMO-SBT. The insert shows P-E loops for BFMOSBT under various applied electric ﬁelds. (f) The calculated W, Wrec, h, and Wloss values as functions of the electric ﬁeld. (g) Energy discharge behavior of the BFMO-SBT capacitor
tested by an RC load circuit.

in the insert of Fig. 2e. The corresponding variations of P are summarized in Fig. S1. From these P-E loops, the Wrec and h can be
calculated according to the following equations:
Pmax
ð

Wrec ¼

EdP

(4)

Pr

h¼

Wrec
Wrec
 100% ¼
 100%
W
Wrec þ Wloss

(5)

where E is the electric ﬁeld, P, Pr and Pmax are the polarization,
remanent polarization and maximum polarization, respectively. W
presents the whole stored energy density during the charging
process, Wloss stands for the energy loss density. The W, Wrec, Wloss
and h at various electric ﬁelds were calculated based on P-E loops
and shown in Fig. 2f. It can be found that with the E increasing, the
Wrec and W show the increscent tendencies due to the enhanced
polarization while the h decreases due to the fact that Wloss increases faster than Wrec. As a result, a high Wrec of 61 J cm3

together with a big h of 75% can be realized at the large electric ﬁeld
of 3000 kV cm1. Simultaneously, the discharging characteristic
was evaluated using an external resistor of 100 kU, as shown in
Fig. 2g. It is seen that the BFMO-SBT ﬁlm liberates a relatively high
density of 34.73 J cm-3 under 2000 kV cm1 electric ﬁeld. And the
time required for discharging 90% of the stored energy is about 23.5
ms, which is comparable to the discharge speed of Ba(Zr0.15Ti0.85)O3/
Ba(Zr0.35Ti0.65)O3 ﬁlm on Nb:STO substrate (41.4 ms) [27].
It is well known that good thermal stability, high fatigue
endurance and wide working frequency are highly desirable for
practical applications of energy storage dielectric capacitors. Fig. 3a
presents the P-E hysteresis loops of BFMO-SBT ﬁlm as a function of
temperature and the corresponding temperature evolution of Wrec
and h is summarized in Fig. 3b. It is revealed that the pinched P-E
loops have not evolved into a square shape when the temperature
increases from 50 to 200  C, with the values of Pm only increasing
from 52 to 55 mC cm2, while Pr maintained at around 2 mC cm2
(Fig. S2). The corresponding temperature dependent Wrec and h are
not obvious with slightly ﬂuctuation in the wide temperature range
(Wrec~38 J cm-3, h~82%), indicating an excellent thermal stability of
the BFMO-SBT capacitor. The outstanding thermal stability in the
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Fig. 3. (a) The P-E curves and (b) the corresponding Wrec and h of the BFMO-SBT ﬁlm capacitor measured from 50 to 200  C at 10 kHz under 2000 kV cm1. (c) The P-E curves and
(b) the corresponding Wrec and h of the BFMO-SBT capacitor during the 108 fatigue cycles at 10 kHz under 2000 kV cm1. (e) The P-E curves and (f) the corresponding Wrec and h of
the BFMO-SBT capacitor with various frequencies measured under 2000 kV cm1.

wide temperature window (-50-200  C) will endow the capacitors
working under harsh environment, for instance, using in the ﬁelds
of hybrid electric vehicles (~140  C), drilling operations
(150e200  C) as well as solar and wind inverter at high altitudes or
in polar regions (~-90  C) [28e32]. The minor variation with temperature may be attributed to slight increase of the electrical conduction with rising of temperature, which is reﬂected in the J-E
curves under different temperature (Fig. S3). The tiny increase of
leakage current can be explained by the enhanced ionic conductivity stemmed from thermal activation process.
Next, the fatigue behavior of the ﬁlm is evaluated, which is
implemented
with fast charging-discharging
cycles at
2000 kV cm1 and 10 kHz. As presented in Fig. 3c, no signiﬁcant

degradation is found in the P-E loops after 108 cycles, which is
further conﬁrmed by the summarized Pm and Pr values evolution
(shown in Fig. S4). The changes of Wrec and h during fatigue are
illustrated in Fig. 3d and the degradations of Wrec and h after 108
cycles are both within 5%, manifesting high fatigue endurance
capability of the BFMO-SBT ﬁlm capacitor. The excellent fatigue
endurance behavior can be attributed to the reduction of oxygen
vacancy concentration by introducing Mn ions and the highly dynamic nano-scale domain switching [33]. The rapid nano-domain
response to the external electric ﬁeld has been proven in Fig. 2d.
Finally, the frequency reliability is examined as shown in Fig. 3e and
f, corresponding to the frequency response of the P-E loops and the
critical energy storage parameters, respectively. The change of
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polarization in a fairly large frequency range of 0.5e20 kHz is very
small (Fig. S5), that is Wrec keeps around 38 J cm-3 while h slightly
increases with increasing the frequency, suggesting a high frequency stability. Such weak dependence on frequency indicates
only a small contribution of the leakage current, nonlinear dielectric effects, and fast switching of domains [15]. In view of the above
results, the obtained stable energy storage performances in such
broad temperature, cycling times and frequency ranges are superior than the previous reported BFO-based ﬁlm [33].
In order to investigate the energy storage properties of the ﬂexible
BFMO-SBT ﬁlm against mechanical bending, electrical measurements
were carried out under two kinds of bending states, namely
compressive state and tensile state with various radii (from 12 mm to
2 mm). The bending test is realized by attaching the ﬁlm on different
molds, which possess downward and upward curved surfaces as
shown in the inset of Fig. 4a and b. The ferroelectric P-E loops with
almost the same shape were obtained when the ﬂexible element
bended to the radii from 12 to 2 mm as shown in Fig. 4a and b. To make
more explicit description of the variation of the P-E loops under
different bending states, the Pm and Pr values extracted from the P-E
loops are shown in Fig. S6 in which no obvious changes are observed,
indicating remarkable mechanical bending endurance of the ﬂexible
capacitor. Moreover, only 2% degradation of Wrec and h in all the
bending test is observed, as shown in Fig. 4c. This shows that the
compressive/tensile strain has minor inﬂuence on the energy storage
performance. The excellent bending resistance ability makes our
capacitor capable to be used in harsh mechanical conditions, showing
great potential in the ﬁeld of ﬂexible devices. Fig. 4d and e shows the
discharging characteristics of the ﬁlm in the compressive and tensile
states under various bending radii at 2000 kV cm1, respectively. The
corresponding time-discharged voltage relationships are shown in
Fig. S7. Clearly, no obvious variation of the energy density and
discharge rate can be found under different compressive and tensile
states, demonstrating it has the capability to quick-release the stored
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energy both in upward and downward bending conditions. The result
is even more apparent in the discharged energy density/discharge
speed-bending radius curves, as shown in Fig. 4f. These encouraging
results show that the BFMO-SBT based capacitor has great potentials
as ﬂexible embedded capacitor to be integrated in electronic devices.
Then, the fatigue endurance under the two bending states and
the mechanical bending endurance by exerting 104 bending cycles
were validated, respectively. As shown in Fig. 5a and b, even after
108 fatigue switching cycles, the Wrec and h are able to keep at high
values of ~36 J cm-3 and ~82%, regardless of the stress states and the
bending radius (even as low as 4 mm). The insets are the P-E curves
before and after 108 switching cycles, which corresponds to the
downward and upward bending states, respectively. All loops
maintain slim shapes without obvious deterioration in Pm and Pr
after the fatigue test (Fig. S8). Fig. 5c and d sums up the P-E loops
and corresponding energy storage performance after 104 times of
repeated mechanical bend tests. It is found that the ferroelectric P-E
loop remains minor changed even after 104 times of bending cycles.
The stable values of Wrec and h further prove that the energy
storage performance of the capacitor with excellent mechanical
bending endurance. The changes of Pm and Pr have a similar tendency as Wrec and h (Fig. S9). These results conﬁrm that the BFObased ﬂexible capacitor has wide application foreground for
implementing energy storage capabilities in ﬂexible electronics.
Table 1 summarizes the typical properties of several representative dielectric ﬁlms on rigid or ﬂexible substrates. The energy
storage performance and working temperature range of BFMO-SBT
ﬁlm on mica in this work are superior than the reported
Pb0.82La0.12Zr0.85Ti0.15O3 [36] and can rival other lead-free dielectric
ﬁlms on rigid substrates [34,35,37]. But the obtained energy storage
density (Wrec~61 J cm3) is inferior to the monocrystal ﬁlms of
0.6BiFeO3-0.4SrTiO3 (Wrec~70.3 J cm-3) and (Na0.5Bi0.5)0.9118La0.02Ba0.0582(Ti0.97Zr0.03)O3 (Wrec~154 J cm-3) fabricated on SrTiO3 single
crystals [23,38]. However, the high temperature tolerance in BFMO-

Fig. 4. (a) the P-E hysteresis loops in a compressive state with various bending radii. (b) the P-E hysteresis loops in a tensile state with various bending radii. (c) Wrec and h
depending bending radius in a compressive/tensile state. (d) The energy discharge behaviors in a compressive state with various bending radii measured by a RC load circuit. (e) The
energy discharge behaviors in a tensile state with various bending radii measured by a RC load circuit. (e) Bending radius-dependent discharged energy density and speed of the
ﬁlm.

206

C. Yang et al. / Journal of Materiomics 6 (2020) 200e208

Fig. 5. (a) and (b) are the ferroelectric fatigue endurance of the BFMO-SBT capacitor measured in a compressive and tensile state with a bending radius of 4 mm, respectively. (c) and
(d) are the change of Wrec and h of the capacitor during 104 cycles of mechanical bend with radius of 4 mm, respectively. The insets are the P-E curves under initial state and after
fatigue or repetitive bending cycles measurement.

Table 1
Comparison of energy storage performance of our BFMO-SBT ﬁlm with other different materials on rigid or ﬂexible substrates.

Rigid

Samples

Substrates

E
h
W
(kV$cm1) (J$cm3) (%)

Temperature range Fatigue Minimum radius
( C)
(mm)

0.6BiFeO3-0.4SrTiO3

SrTiO3 single
crystal
Pt/Ti/SiO2/Si
Pt/Ti/SiO2/Si
LaNiO3/Si
Pt/Ti/SiO2/Si

3850

70.3

70

50-100

107

2753
2340
2141
2612

65.5
37.1
38
60

74.2
91.5
71
51

Bi3.25La0.75Ti3O12/BiFeO3/Bi3.25La0.75Ti3O12
Ba2Bi4Ti5O18
Pb0.82La0.12Zr0.85Ti0.15O3
0.7Na0.5Bi0.5TiO3-0.3SrTiO3/
0.4Na0.5Bi0.5TiO3-0.6SrTiO3
(Na0.5Bi0.5)0.9118La0.02Ba0.05
82(Ti0.97Zr0.03)O3
Pb0.96La0.04Zr0.98Ti0.02O3
Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3
Flexible BaZr0.35Ti0.65O3
BaZr0.35Ti0.65O3
Pb0.91La0.09 (Zr0.65Ti0.35)0.9775O3
0.97(0.93Na0.5Bi0.5TiO3-0.07BaTiO3)0.03BiFeO3
0.3BiFeO3-0.7Sr0.7Bi0.2TiO3

Bending
cycles

Ref.

e

e

[23]

30e140
100-180
20e150
20e180

109
e
2  108 e
e
e
e
e

e
e
e
e

[34]
[35]
[36]
[37]

La0.7Sr0.3MnO3/
SrTiO3
Pt/Si
Pt/TiO2/SiO2/Si

3500

154

97

30e110

108

e

e

[38]

4300
1300

61
21

33 25e225
91.9 25e100

e
107

e
e

e
e

[39]
[40]

ITO/Mica
LSMO/STO/Mica
LaNiO3/Mica
Pt/Mica

4230
6150
1998
2285

40.6
69.4
40.2
81.9

48.9
84.7
61
64.4

106
106
107
109

4
4
5
2

104
104
2  103
103

[41]
[17]
[16]
[18]

Pt/Mica

3000

61.5

75.4 50-200

108

2

104

This
work

SBT exceeds all other representative ferroelectric ﬁlms on rigid
substrates. Note that the ﬁlm also displays a good balance between
Wrec and h when compared with the antiferroelectric ﬁlms of
Pb0.96La0.04Zr0.98Ti0.02O3 and Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3
on rigid Si substrates [39,40]. Additionally, the excellent antifatigue
feature of the BFMO-SBT (1  108) outperforms most of the listed
inorganic ﬁlms, which can satisfy the application requirement.
Meanwhile, compared with the reported ﬂexible ﬁlms on mica, the
obtained energy storage density in this work is obviously improved
except for BaZr0.35Ti0.65O3 ﬁlm on LSMO/STO/Mica substrate [17]
and NBT-based ternary system on Pt/mica substrate [18]. It is noted

120-150
100-200
30e180
20e200

that the bending radius of 2 mm is much smaller than that in
ﬂexible BaZr0.35Ti0.65O3 (R ¼ 4 mm) and Pb0.91La0.09
(Zr0.65Ti0.35)0.9775O3 (R ¼ 5 mm) ﬁlms [16,17,41]. And the bending
resistance (104) ability in this work is almost as good as the other
ﬂexible ferroelectric elements. All these results suggest that the
ﬂexible BFMO-SBT capacitor meet the actual requirements of the
ﬂexible energy storage devices.
4. Conclusions
In summary, excellent energy-storage performance with a high
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Wrec of 61 J cm3 and a big h of 75% together with an ultrafast
discharge rate of 23.5 ms has been achieved in the all-inorganic
ﬂexible BFMO-SBT thin ﬁlm capacitor. The energy storage
behavior maintains well under different measuring conditions such
as changing temperature from 50 to 200  C, experiencing 108
reduplicative charge-discharge cycles, and varying frequency in the
range of 500 Hz-20 kHz. Also, the ﬂexible BFMO-SBT ﬁlm capacitor
exhibits strong mechanical-bending resistance under various
bending states and repetitive bending cycles. The combination of
these attractive characteristics endows the BFMO-SBT thin ﬁlm
capacitor for the practical application in ﬂexible microenergystorage systems.
Declaration of competing interest
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.
Acknowledgments
This work was supported by the National Natural Science
Foundation of China (Nos. 51972144, 51632003, 51702120,
U1806221 and 51761145023), the Taishan Scholars Program, the
Case-by-Case Project for Top Outstanding Talents of Jinan, the
Project of “20 Items of University” of Jinan (2019GXRC017), the Key
Research and Development Program of Shandong Province
(2019GGX102015), the Shandong provincial key research and
development plan (Grant No. 2016JMRH0103). Z. X. Cheng thanks
the Australian Research Council for providing support
(DP190100150).
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jmat.2020.01.010.
References
[1] Thackeray MM, Wolverton C, Isaacs ED. Electrical energy storage for transportation- approaching the limits of, and going beyond, lithium-ion batteries.
Energy Environ Sci 2012;57:7854e63.
[2] Sun S, Xia Q, Liu J, Xu J, Za F, Yue J, et al. Self-standing oxygen-deﬁcient aMoO3-x nanoﬂake arrays as 3D cathode for advanced all-solid-state thin ﬁlm
lithium batteries. J. Materiomics 2019;5:229e36.
[3] Zhao E-L, Zhao S-X, Wu X, Li JW, Yu L-Q, Nan C-W, et al. Electrochemical
performance of Li2O-V2O5-SiO2-B2O3 glass as cathode material for lithium ion
batteries. J. Materiomics 2019;5:663e9.
[4] Dang ZM, Yuan JK, Yao SH, Liao RJ. Flexible nanodielectric materials with high
permittivity for power energy storage. Adv Mater 2013;25:6334e65.
[5] Shen ZY, Wang Y, Tang Y, Yu Y, Luo WQ, Wang X, et al. Glass modiﬁed barium
strontium titanate ceramics for energy storage capacitor at elevated temperatures. J. Materiomics 2019;5:641e8.
[6] Yang LT, Kong X, Li F, Hao H, Cheng ZX, Liu HX, et al. Perovskite lead-free
dielectrics for energy storage applications. Prog Mater Sci 2019;102:72e108.
[7] Jiang J, Bitl Y, Huang CW, Do TH, Liu HJ, Hsieh YH, et al. Flexible ferroelectric
element based on van der waals heteroepitaxy. Sci Adv 2017;3:e1700121.
[8] Zhang YT, Cao YQ, Hu HH, Wang X, Li PZ, Yang Y, et al. Flexible metal-insulator
transitions based on van der waals oxide heterostructures. ACS Appl Mater
Interfaces 2019;11:88284e90.
[9] Bitla Y, Chu YH. MICAtronics: a new platform for ﬂexible X-tronics. FlatChem
2017;3:26e42.
[10] Li JL, Li F, Xu Z, Zhang SJ. Multilayer lead-free ceramic capacitors with ultrahigh energy density and efﬁciency. Adv Mater 2018;30:1802155.
[11] Li Q, Chen L, Gadinski MR, Zhang SH, Zhang GZ, Li HYU, et al. Flexible hightemperature dielectric materials from polymer nanocomposites. Nature
2015;523:576e9.
[12] Jiang J, Bitla Y, Peng QX, Zhou YC, Chu YH. A fabrication and measurement
method for a ﬂexible ferroelectric element based on van der waals heteroepitaxy. J Vis Exp 2018;134:e57221.
[13] Wang D, Yuan GL, Hao GQ, Wang YJ. All-inorganic ﬂexible piezoelectric energy harvester enabled by two dimensional mica. Nano Energy 2018;43:
351e8.

207

[14] Chu YH. Van der waals oxide heteroepitaxy. npj Quantum Mater 2017;2:67.
[15] Yang CH, Han YJ, Qian J, Lv PP, Lin XJ, Huang SF, et al. Flexible, temperatureresistant,
and
fatigue-free
ferroelectric
memory
based
on
Bi(Fe0.93Mn0.05Ti0.02)O3 thin ﬁlm. ACS Appl Mater Interfaces 2019;11:
12647e55.
[16] Shen BZ, Li Y, Hao XH. Multifunctional all-inorganic ﬂexible capacitor for
energy storage and electrocaloric refrigeration over a broad temperature
range based on PLZT 9/65/35 thick ﬁlms. ACS Appl Mater Interfaces 2019;11:
34117e27.
[17] Liang ZS, Ma CR, Shen LK, Lu L, Lu XL, Lou XJ, et al. Flexible lead-free oxide ﬁlm
capacitors with ultrahigh energy storage performances in extremely wide
operating temperature. Nano Energy 2019;57:519e27.
[18] Yang CH, Lv PP, Qian J, Han YJ, Ouyang J, Lin XJ, et al. fatigue-free and bendingendurable ﬂexible Mn-doped Na0.5Bi0.5TiO3-BaTiO3-BiFeO3 ﬁlm capacitor with
an ultrahigh energy storage performance. Adv Energy Mater 2019;9:1803949.
[19] Yang CH, Qian J, Han YJ, Lv PP, Huang SF, Chen X, et al. Design of an allinorganic ﬂexible Na0.5Bi0.5TiO3-based ﬁlm capacitor with giant and stable
energy storage performance. J Mater Chem A 2019;7:22366e76.
[20] Wang J, Neaton JB, Zheng H, Nagarajan V, Ogale SB, Liu B, et al. Epitaxial
BiFeO3 multiferroic thin ﬁlm heterostructures. Science 2003;299:1719e22.
[21] Catalan G, Scott JF. Physics and applications of bismuth ferrite. Adv Mater
2009;21:2463e85.
[22] Pan H, Li F, Liu Y, Zhang QH, Wang M, Lan S, et al. Ultrahigh-energy density
lead-free dielectric ﬁlms via polymorphic nanodomain design. Science
2019;365:578e82.
[23] Pan H, Ma J, Ma J, Zhang QH, Liu XZ, Guan B, et al. Giant energy density and
high efﬁciency achieved in bismuth ferrite-based ﬁlm capacitors via domain
engineering. Nat Commun 2018;9:1813.
[24] Tang HX, Sodano HA. Ultrahigh energy density nanocomposite capacitors
with fast discharge using Ba0.2Sr0.8TiO3 nanowires. Nano Lett 2013;13:
1373e9.
[25] Yang BB, Guo MY, Song DP, Tang XW, Wei RH, Hu L, et al. Energy storage
properties in BaTiO3-Bi3.25La0.75Ti3O12 thin ﬁlms. Appl Phys Lett 2018;113:
183902.
[26] Wen Z, Hu GD, Fan SH, Yang CH, Wu WB, Zhou Y, et al. Effects of annealing
process and mn substitution on structure and ferroelectric properties of
BiFeO3 ﬁlms. Thin Solid Films 2009;517:4497e501.
[27] Fan QL, Liu M, Ma CR, Wang LX, Ren SP, Lu L, et al. Signiﬁcantly enhanced
energy storage density with superior thermal stability by optimizing
Ba(Zr0.15Ti0.85)O3/Ba(Zr0.35Ti0.65)O3 multilayer structure. Nano Energy
2018;51:539e45.
[28] Li Q, Chen L, Gadinski MR, Zhang S, Zhang G, Li HU, et al. Flexible hightemperature dielectric materials from polymer nanocomposites. Nature
2015;523:576e9.
[29] Li Q, Liu F, Yang T, Gadinski MR, Zhang G, Chen QL, et al. Sandwich-structured
polymer nanocomposites with high energy density and great chargedischarge efﬁciency at elevated temperatures. P Natl Acad Sci USA
2016;113:9995e10000.
[30] Lawrence JS, Ashley MC, Hengst S, Luong-Van DM, Storey JW, Yang H, et al.
The PLATO dome a site-testing observatory: power generation and control
systems. Rev Sci Instrum 2009;80. 064501.
[31] Hengst S, Luong-Van DM, Everett JR, Lawrence JS, Ashley MCB, Castel D, et al.
High-efﬁciency diesel generator for high-altitude use in Antarctica. Int J Energy Res 2010;34:827e38.
[32] Liang ZS, Liu M, Ma CR, Shen LK, Lu L, Jia C-L. High-performance BaZr0.35Ti0.65O3 thin ﬁlm capacitors with ultrahigh energy storage density and
excellent thermal stability. J Mater Chem A 2018;6:12291e7.
[33] Pan H, Zeng Y, Shen Y, Lin YH, Ma J, Li LL, et al. BiFeO3-SrTiO3 Thin ﬁlm as a
new lead-free relaxor-ferroelectric capacitor with ultrahigh energy storage
performance. J Mater Chem A 2017;5:5920e6.
[34] Yang BB, Guo MY, Jin LH, Tang XW, Wei RH, Hu L, et al. Ultrahigh energy
storage in lead-free BiFeO3/Bi3.25La0.75Ti3O12 thin ﬁlm capacitors by solution
processing. Appl Phys Lett 2018;112. 033904.
[35] Yang BB, Guo MY, Tang XW, Wei RH, Hu L, Yang J, et al. Lead-free A2Bi4Ti5O18
thin ﬁlm capacitors (A¼Ba and Sr) with large energy storage density, high
efﬁciency, and excellent thermal stability. J Mater Chem C 2019;7:1888.
[36] Zhao Y, Hao XH, Zhang Q. Energy-storage properties and electrocaloric effect
of Pb(13x/2)LaxZr0.85Ti0.15O3 antiferroelectric thick ﬁlms. ACS Appl Mater Interfaces 2014;6:11633e9.
[37] Zhang YL, Li WL, Xu SC, Wang ZY, Zhao Y, Li J, et al. Interlayer coupling to
enhance the energy storage performance of Na0.5Bi0.5TiO3-SrTiO3 multilayer
ﬁlms with the electric ﬁeld amplifying effect. J Mater Chem A 2018;6:24550.
[38] Peng BL, Zhang Q, Li X, Sun TY, Fan HQ, Ke SM, et al. Giant electric energy
density in epitaxial lead-free thin ﬁlms with coexistence of ferroelectrics and
antiferroelectrics. Adv Electron Mater 2015;1:1500052.
[39] Hu ZQ, Ma BH, Koritala RE, Balachandran U. Temperature-dependent energy
storage properties of antiferroelectric Pb0.96La0.04Zr0.98Ti0.02O3 thin ﬁlms. Appl
Phys Lett 2014;104:263902.
[40] Ahn CW, Amarsanaa G, Won SS, Chae SA, Lee DS, Kim IW. Antiferroelectric
thin-ﬁlm capacitors with high energy-storage densities, low energy losses,
and fast discharge times. ACS Appl Mater Interfaces 2015;7:26381e6.
[41] Liang ZS, Liu M, Shen LK, Lu L, Ma CR, Lu XL, et al. All-inorganic ﬂexible
embedded thin-ﬁlm capacitors for dielectric energy storage with high performance. ACS Appl Mater Interfaces 2019;11:5247e55.

208

C. Yang et al. / Journal of Materiomics 6 (2020) 200e208
Changhong Yang is currently a professor of the Shandong
Provincial Key Laboratory of Preparation and Measurement of Building Materials, University of Jinan, China. She
received her Ph.D.in 2006 from the Institute of Crystal
Materials, Shandong University, China. Her research focuses on piezoelectric and ferroelectric materials, dielectric ﬁlms for energy storage, and ﬂexible electronics.

Jin Qian received his B.S. degree from University of Jinan
in 2017. He is currently pursuing his M.S. degree in the
School of Materials Science and Engineering, University of
Jinan, China, under the supervision of professor. Changhong Yang. His research focuses on the ﬂexible inorganic
dielectric ﬁlms for energy storage devices.

Panpan Lv received her M.S. degree from University of
Jinan in 2016. She is currently pursuing her Ph.D. degree in
the Shandong Provincial Key Laboratory of Preparation
and Measurement of Building Materials, University of
Jinan, China, under the supervision of Prof. Xin Cheng. Her
research focuses on the ferroelectric, piezoelectric ﬁlms
and ﬂexible devices.

Shifeng Huang is currently a professor of the Shandong
Provincial Key Laboratory of Preparation and Measurement of Building Materials, University of Jinan, China. He
received his Ph.D. (Materials Science, 2005) from Wuhan
University of Technology. Then he worked as a postdoctoral fellow in the Hong Kong University of Science and
Technology (2005e2006). His current research ﬁelds
include functional ceramic materials, piezoelectric composite materials, and their applications.

Xin Cheng is currently a professor in the Shandong Provincial Key Laboratory of Preparation and Measurement of
Building Materials, University of Jinan, China. He has
received his Ph.D. degree in 1994 from Wuhan University
of Technology, China. His research focuses on the cementbased functional materials, electronic and information materials, energy materials and technique.

Zhenxiang Cheng received his B.S. (Physics, 1995) and
Ph.D. (Materials Science, 2001) from Shandong University,
China. He worked as a JSPS fellow (Japanese Society for
Promotion of Science) in the National Institute for Materials Science, Japan (2003e2005). Then, he worked as a
research fellow at the University of Wollongong
(2005e2009). He was awarded a Future Fellowship by the
Australian Research Council (2009e2013). Currently, he is
a professor at University of Wollongong. His main interest
is ferroic materials, including magnetic, ferroelectric, and
multiferroic materials, their physics and applications.

